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ABSTRACT
Context. Pebble accretion is one of the major theories in planet formation. Aerodynamically small particles, called pebbles, are highly
affected by the gas flow. A growing planet embedded in a protoplanetary disk induces three-dimensional (3D) gas flow. In our previous
study, Paper I, we focused on the shear regime of pebble accretion, and investigated the influence of planet-induced gas flow on pebble
accretion. In Paper I, we found that pebble accretion is inefficient in the planet-induced gas flow compared to that in the unperturbed
flow, in particular when St . 10−3, where St is the Stokes number.
Aims. Following Paper I, we investigate the influence of planet-induced gas flow on pebble accretion. We consider the headwind of
the gas, which is not included in Paper I. We extend our study to the headwind regime of pebble accretion in this study.
Methods. Assuming a nonisothermal, inviscid sub-Keplerian gas disk, we perform 3D hydrodynamical simulations on the spherical
polar grid which has a planet with the dimensionless mass, m = RBondi/H, located at its center, where RBondi and H are the Bondi radius
and the disk scale height. We then numerically integrate the equation of motion of pebbles in 3D using hydrodynamical simulation
data.
Results. We first divide the planet-induced gas flow into two regimes: the flow shear and flow headwind regimes. In the flow shear
regime, where the planet-induced gas flow has a vertically rotational symmetric structure, we find that the outcome is identical to that
obtained in Paper I. In the flow headwind regime, the strong headwind of the gas breaks the symmetric structure of the planet-induced
gas flow. In the flow headwind regime, we find that the trajectories of pebbles with St . 10−3 in the planet-induced gas flow differ
significantly from those in the unperturbed flow. The recycling flow, where gas from the disk enters the gravitational sphere at low
latitudes and exits at high latitudes, gathers pebbles around the planet. We derive the flow transition mass analytically, mt,flow, which
discriminates between the flow headwind and flow shear regimes. From the relation between m, mt,flow and mt, peb, where mt, peb is the
transition mass of the accretion regime of pebbles, we classify the results obtained in both Paper I and this study into four groups. In
particular, only when the Stokes gas drag law is adopted and m < mt,flow < mt, peb, where the accretion and flow regime are both in the
headwind regime, the accretion probability of pebbles with St . 10−3 is enhanced in the planet-induced gas flow compared to that in
the unperturbed flow.
Conclusions. Combining our results with the spacial variety of turbulence strength and pebble size in a disk, we conclude that the
planet-induced gas flow still allows for pebble accretion in the early stage of planet formation. Suppression of pebble accretion due
to the planet-induced gas flow occurs only in the late stage of planet formation, in particular in the inner region of the disk. This may
be helpful to explain the distribution of exoplanets and the architecture of the Solar System, both of which have small inner and large
outer planets.
Key words. Hydrodynamics – Planets and satellites: formation – Protoplanetary disks
1. Introduction
Recent hydrodynamical simulations have revealed that a planet
embedded in a protoplanetary disk induces gas flow with a com-
plex 3D structure (Ormel et al. 2015; Fung et al. 2015; Lam-
brechts & Lega 2017; Cimerman et al. 2017; Kurokawa & Tani-
gawa 2018; Kuwahara et al. 2019; Béthune & Rafikov 2019;
Fung et al. 2019). The anterior-posterior horseshoe flows ex-
tending in the orbital direction of the planet have a character-
istic vertical structure like a column. A substantial amount of
gas from the disk enters the gravitational sphere of the planet
(inflow), and exits it (outflow), causing atmospheric recycling.
Qualitatively, the 3D flow structure depends on the magnitude
of the deviation of the speed of the gas from Keplerian rotation.
? e-mail: kuwahara@elsi.jp
In a Keplerian disk, the 3D planet-induced flow has a vertically
rotational symmetric structure, but the symmetry is broken in a
sub-Keplerian disk (Ormel et al. 2015; Kurokawa & Tanigawa
2018). The induced gas flow affects pebble accretion and may
alter the accretion probability of pebbles. It has been recognized
that the accretion rate of small particles (∼ 100 µm–1 mm) is
reduced in the 2D planet-induced flow (Ormel 2013). Pebble ac-
cretion in the 3D planet-induced gas flow becomes more com-
plicated. Popovas et al. (2018, 2019) incorporated pebbles into
their hydrodynamical simulations and found that small particles
(10 µm–1 cm) move away from the planet in the horseshoe flow
and avoid accretion onto Earth- and Mars-sized planets.
Assuming a Keplerian disk, Kuwahara & Kurokawa (2020)
(hereafter Paper I) performed orbital calculation of pebbles in
3D using hydrodynamical simulation data, finding that the 3D
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planet-induced gas flow affects pebble accretion significantly. In
Paper I, planets of between three Mars masses and three Earth
masses orbiting a solar-mass star at 1 au, ∼ 0.3–3 M⊕, are con-
sidered. The contribution of the headwind of the gas was not in-
vestigated. The shear regime of pebble accretion1 was only con-
sidered in Paper I, where the accretion radius for pebble accre-
tion can be characterized by the size of the Hill radius, and the
approach velocity of pebbles is set by the shear velocity (Lam-
brechts & Johansen 2012; Ormel 2017; Johansen & Lambrechts
2017). When pebbles are aerodynamically small, those coming
from within the vicinity of the planetary orbit move away from
the planet along the horseshoe flows. The outflow of the gas at
the midplane region deflects the pebble trajectories and inhibits
small pebbles from accreting. The pebbles coming from a win-
dow between the horseshoe and the shear regions can accrete
onto the planet. Thus, the width of the accretion window in the
planet-induced gas flow is narrower than that in the unperturbed
flow.
The accretion probability of pebbles, which is an important
parameter to control the outcome of the pebble-driven planet for-
mation model, is affected by the planet-induced gas flow. For a
planet with ∼ 0.3 M⊕, the accretion probability in the planet-
induced gas flow is smaller than that in the unperturbed flow
(Paper I). This is caused by the reduction of the width of the ac-
cretion window. When the planetary mass is larger than 0.3 M⊕,
the accretion probability in the planet-induced gas flow is com-
parable to that in the unperturbed flow, except for when the peb-
bles are well coupled to the gas. As the planetary mass increases,
the width of the horseshoe region increases. Pebbles with high
relative velocity accrete onto the planet. Thus, the reduction of
the width of the accretion window and the increase of relative
velocity cancel each other out.
In the protoplanetary disks, the disk gas rotates slower than
Keplerian velocity due to the existence of the global pressure
gradient. In Paper I, we focused on large planetary masses,
& 0.3 M⊕, for which the influence of the headwind on pebble ac-
cretion is negligible. In an early phase of the planetary growth,
however, pebble accretion proceeds in the headwind regime,
where the accretion radius for pebble accretion can be character-
ized by the size of the Bondi radius, and the approach velocity
of pebbles is set by the sub-Keplerian speed (Lambrechts & Jo-
hansen 2012; Ormel 2017; Johansen & Lambrechts 2017). Fur-
thermore, the influence of the 3D planet-induced gas flow whose
vertically rotational symmetry is broken due to the strong head-
wind of the gas is still unclear. In Paper II , we extend our study
in Paper I to the headwind regime.
The structure of this paper is as follows. In Sect. 2 we de-
scribe the numerical method. In Sect. 3 we show the results ob-
tained from a series of simulations. In Sect. 4 we discuss the
implications for planet formation. We summarize in Sect. 5.
2. Methods
2.1. Model overview
Most of our methods are the same as described in Paper I, except
for the investigation of the headwind of the gas. In the following
sections, we describe the differences from Paper I and emphasize
the key points of our model. Through all of our simulations the
length, times, velocities, and densities are normalized by the disk
1 In this study, we used "headwind" and "shear" regimes as the names
to distinguish the pebble accretion regimes, which are used in (Ormel
2017). These regimes are referred to as "Bondi" and "Hill" regimes in
Lambrechts & Johansen (2012).
scale height H, the reciprocal of the orbital frequency Ω−1, the
sound speed cs, and the unperturbed gas density at the location
of the planet ρdisk, respectively. In this unit, the dimensionless
planetary mass is given by
m =
RBondi
H
=
GMpl
c3s/Ω
, (1)
where G is the gravitational constant, and Mpl is the mass of
the planet. The Hill radius is given by RHill = (m/3)1/3H in
this unit. We assume the minimum mass solar nebula (MMSN)
model (Weidenschilling 1977b; Hayashi et al. 1985) when we
convert the dimensionless quantities into dimensional ones.
We summarize the parameter spaces investigated in both Pa-
per I and II in Fig. 1 and Table 1. In Sect. 3, we classified the
results into four categories according to the classification of the
flow and the accretion regimes (Fig. 1).
2.2. Three-dimensional hydrodynamical simulations
In this study, we performed nonisothermal 3D hydrodynami-
cal simulations of the gas of the protoplanetary disk around a
planet. Our simulations were performed in a spherical polar co-
ordinate co-rotating with a planet with Athena++ (White et al.
2016; Stone et al. 2020). The computational domain ranges from
0 to pi and 0 to 2pi in the polar and azimuthal directions, respec-
tively. Most of our methods of hydrodynamical simulations are
the same as described in detail in Kurokawa & Tanigawa (2018),
except for the configuration of the size of the inner boundary.
Since the initial condition is symmetrical in the vertical direc-
tion (z-direction), the structure of the planet-induced gas flow is
symmetric with respect to the midplane. Our local simulations
can not handle the gap opening. We focus on low-mass planets
(m ≤ 0.3) which do not shape the global pressure gradient in
both Paper I and II (Fig. 1). We discuss the case of high-mass
planets in Sect. 4.3.3.
Kurokawa & Tanigawa (2018) fixed the size of the inner
boundary for all of their simulations, but we varied it according
to the mass of the planet. Following Paper I, assuming the den-
sity of the embedded planet ρpl = 5 g/cm3 leads to the physical
radius of the core, Rpl, as given by
Rpl ' 3 × 10−3m1/3 H
(
ρpl
5 g/cm3
)−1/3 ( M∗
1 M
)1/3 ( a
1 au
)−1
, (2)
where M∗, M and a are the stellar mass, the solar mass, and the
orbital radius. We regard the size of rinn as being determined by
Eq. (2) with a = 1 au.2
A planet is embedded in an inviscid gas disk and is orbiting
around the central star at the distance a with the orbital frequency
Ω =
√
GM∗/a3. The unperturbed gas velocity in the local frame
ug,∞(x) =
(
−3
2
x −Mhw
)
ey. (3)
From Eq. (3), the x-coordinate of the corotation radius for the
gas can be described by
xg, cor = −23Mhw. (4)
2 In Paper I, we assumed a = 0.1 au in Eq. (2). However, the size of the
Bondi radius is larger than the size of the physical radius of the planet
when m . 0.005 at a = 0.1 au. This means that the planet does not
have an envelope. To ensure that even low-mass planets (m . 0.005)
has an atmosphere, we assume a = 1 au in this study. It ensures that
RBondi > Rpl for all of the parameter sets considered in our hydrodynam-
ical simulations.
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Fig. 1. Summary of parameter surveys in Paper I and II . The parameter spaces investigated in both Paper I and II are shown in red and yellow filled
squares, respectively. The vertical and horizontal axes are the dimensionless planetary mass, m (Eq. (1)), and the Mach number of the headwind
of the gas,Mhw (Eq. (5)), respectively. The black solid and dashed lines correspond to the flow transition mass, mt,flow (Eq. (28)), and the pebble
transition mass, mt, peb (Eq. (A.3)), for St = 10−3, where St is the Stokes number of pebbles (Eq. (11)). Our study does not handle the gap opening
by high-mass planets. The classification for the flow and accretion regimes is shown in the upper right corner. The four categories consisting of
combinations of the flow and accretion regimes are shown in the bottom right corner (see Sect. 4.1 and Fig. 20 for the detailed description).
Table 1. List of parameters and regimes. The left column gives the planetary mass, the Stokes number, the Mach number of the headwind, the
regime of the planet-induced gas flow (Sect. 3.3), the regime of pebble accretion (Sect. A.1), and the regime of the gas drag law (Sect. 2.3),
respectively. The middle and right columns show the range of the parameters and the flow, accretion, and the gas drag regimes investigated in both
Paper I and II , respectively.
Parameter, Regime Paper I Paper II
m (Eq. (1)) 0.03, 0.1, 0.3 0.003, 0.01, 0.03
St (Eq. (11)) 10−3–100 10−4–100
Mhw (Eq. (5)) 0 (Keplerian disk) 0.01, 0.03, 0.1 (sub-Keplerian disk)
Flow regime (Eq. (28)) Shear Shear & Headwind
Accretion regime (Eqs. (A.1) and (A.2)) Shear Shear & Headwind
Gas drag regime (Eqs. (12) and (13)) Stokes & Epstein Stokes & Epstein
Table 2. List of hydrodynamical simulations. The following columns give the simulation name, the size of the Bondi radius of the planet, the size
of the Hill radius of the planet, the size of the inner boundary, the size of the outer boundary, the length of the calculation time, the dimensionless
thermal relaxation timescale β, the Mach number of the headwind, and the regime of the planet-induced gas flow (Sect. 3.3) respectively.
Name RBondi RHill rinn rout tend β Mhw flow regime
m0003-hw001 0.003 0.1 4.33×10−4 0.05 10 9 × 10−4 0.01 flow shear
m0003-hw003 0.003 0.1 4.33×10−4 0.05 10 9 × 10−4 0.03 flow headwind
m0003-hw01 0.003 0.1 4.33×10−4 0.05 10 9 × 10−4 0.1 flow headwind
m001-hw001 0.01 0.15 6.46×10−4 0.5 50 0.01 0.01 flow shear
m001-hw003 0.01 0.15 6.46×10−4 0.5 50 0.01 0.03 flow shear
m001-hw01 0.01 0.15 6.46×10−4 0.5 50 0.01 0.1 flow headwind
m003-hw001 0.03 0.22 9.32×10−4 0.5 50 0.09 0.01 flow shear
m003-hw003 0.03 0.22 9.32×10−4 0.5 50 0.09 0.03 flow shear
m003-hw01 0.03 0.22 9.32×10−4 0.5 50 0.09 0.1 flow headwind
The Mach number of the headwind of the gas is defined as
Mhw = vhwcs , (5)
where vhw is the headwind of the gas,
vhw = ηvK, (6)
where
η = −1
2
(
cs
vK
)2 d ln P
d ln a
(7)
is a dimensionless quantity characterizing the pressure gradient
of the disk gas, where P is the pressure of the gas and vK = aΩ
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Fig. 2. Schematic picture of orbital calculation of pebbles. A planet is
located at the origin of the co-rotational frame. The dashed line rep-
resents the outer boundary of the hydrodynamical simulations. The
starting point of orbital calculation is beyond the outer boundary of
hydrodynamical simulations. Its y-component is fixed at 40RHill (Ida
& Nakazawa 1989). The x- and z-coordinates of the starting point of
pebbles, xs and zs, are the parameters. The gas velocity is assumed
to be the speed of the sub-Keplerian shear both inside and outside of
rout in shear flow case in the unperturbed flow (UP-mXX-hwYY case),
but is switched to the gas velocity obtained from the hydrodynami-
cal simulations within rout in the planet-induced flow case in the Ep-
stein regime (PI-Epstein-mXX-hwYY case), and in the Stokes regime
(PI-Stokes-mXX-hwYY case).
is the Kepler velocity. The disk gas rotates slower than Keple-
rian velocity due to the existence of the global pressure gradient.
The Mach number of the headwind is Mhw ' 0.05 (a/1 au)1/4
in the MMSN model. In Paper I, we assumed Mhw = 0 for
all of hydrodynamical simulations. In this study, we assumed
Mhw = 0.01, 0.03, and 0.1.
We listed our parameter sets in Table 2. The range of the
dimensionless planetary masses, m = 0.003–0.03, corresponds
to planets of between three Moon masses and three Mars masses,
Mpl = 0.036–0.36 M⊕, orbiting a solar-mass star at 1 au.
2.3. Three-dimensional orbital calculation of pebbles
We calculated the trajectories of pebbles influenced by the
planet-induced gas flow in the frame co-rotating with the planet
(Fig. 2). Most of our methods of orbital calculations of pebbles
are the same as Paper I, except for the analysis of the headwind
of the gas.
In our co-rotating frame, the x- and y-component of the ini-
tial velocity of pebbles is given by the drift equations (Weiden-
schilling 1977b; Nakagawa et al. 1986)
vx = −2MhwSt
1 + St2
, (8)
vy = − Mhw
1 + St2
− 3
2
x. (9)
From Eq. (9), the x-coordinate of the corotation radius for the
pebble can be described by
xpeb, cor = − 2Mhw
3
(
1 + St2
) , (10)
where St is the dimensionless stopping time of a pebble, called
the Stokes number,
St = tstopΩ. (11)
We assumed St = 10−4–100. The stopping time of the particle is
described by
tstop =

ρ•s
ρgcs
, (Epstein regime : s ≤ 9
4
λ)
4ρ•s2
9ρgcsλ
, (Stokes regime : s ≥ 9
4
λ)
(12)
(13)
where ρ• is the internal density of the pebble, s is the ra-
dius of the pebble, and λ is the mean free path of the gas,
λ = µ˜mH/ρgσmol = 1.44 cm (a/1 au)11/4 with µ˜, mH, and
σmol being the mean molecular weight, µ˜ = 2.34, the mass of
the proton, and the molecular collision cross section, σmol =
2 × 10−15 cm2 (Chapman & Cowling 1970; Weidenschilling
1977a; Nakagawa et al. 1986). The gas density at the midplane
is given by ρg = Σg/
√
2piH, where Σg is the gas surface density,
Σg = 1700 g cm−2 (a/1 au)−3/2. The radius of a pebble is fixed in
a orbital simulation, and the Stokes number is defined with the
unperturbed gas density.
We performed orbital calculations for three different settings:
1. Unperturbed flow case; hereafter UP-mXX-hwYY case3, where
we adopted unperturbed sub-Keplerian shear flow where the
gas density is uniform. The XX and YY denote the adopted
values of the planetary mass and the Mach number of the
headwind. We omit -mXX or -hwYY when we do not specify
the planetary mass or the Mach number of the headwind.
Since the gas density around the planet is constant, there is
no difference between the Stokes and the Epstein regimes in
the case of unperturbed flow.
2. Planet-induced flow case in the Epstein regime (Eq. (12));
hereafter PI-Epstein-mXX-hwYY case.
3. Planet-induced flow case in the Stokes regime (Eq. (13));
hereafter PI-Stokes-mXX-hwYY case.
In all of our hydrodynamical simulations, a hydrostatic envelope
is formed around the planet. The density structure of an envelope
is determined by the hydrostatic equilibrium with the gravity of
the planet. The gas density increases significantly in the vicin-
ity of the planet in the PI cases. Since the Stokes number in
the Epstein regime is proportional to the reciprocal of the gas
density, the effective Stokes number decreases as the gas density
increases.4 For the latter two cases, we switched the gas flow
3 In Paper I, the unperturbed flow case is referred to as "Shear case".
4 For simplicity, we do not consider the switch from the Epstein to
the Stokes regime in the vicinity of the planet in both Paper I and this
study. The mean free path of the gas becomes smaller as the gas density
increases. It may lead to a switch of the drag law in the region very close
to the planet.
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from unperturbed sub-Keplerian to planet-induced gas flow ob-
tained by hydrodynamical simulations at r = rout. We used the
final state of the hydro-simulations data (t = tend), where the
flow field seems to have reached a steady state. We interpolated
the gas velocity using the bilinear interpolation method (see Ap-
pendix B in Paper I).
When m = 0.01 and 0.03, we found that the horseshoe flow
formed unexpected vortices, which influence the pebble trajecto-
ries. The origin of these vortices is unknown, but it is likely to be
a numerical artifact due to the spherical polar coordinates cen-
tered at the planet, in which the resolution becomes too low to
resolve the horseshoe flow far from the planet when the assumed
planet mass is small. In the same manner as in Paper I, only in
this case do we use the limited part of the calculation domain,
r ≤ 0.6rout, to avoid the effects of the vortices.
2.4. Calculation of accretion probability of pebbles
2.4.1. Width of accretion window and accretion cross section
We defined the width of the accretion window as
wacc(z) =
∑
i
(
xmax,i(z) − xmin,i(z)) , (14)
where xmax,i(z) and xmin,i(z) are the maximum and minimum val-
ues of the x-component of the starting point of accreted peb-
bles at a certain height. The subscript, i, denotes the number
of the accretion window. When we include the headwind of
the gas, accretion of pebbles occurs asymmetrically with re-
spect to the corotation radius for the pebble. In the unperturbed
flow, the width of the accretion window is identical to the maxi-
mum impact parameter of accreted pebbles, bx, when St < 1 as
xmin,i(z) = 0 (Eqs. A.1 and A.2). Using this definition, we defined
the accretion cross section as
Aacc =
∑
i
(∫ zmax,i
zmin,i
∫ xmax,i(z)
xmin,i(z)
dxdz
)
, (15)
where zmax,i and zmin,i are the maximum and the minimum value
of the z-component of the starting point of accreted pebbles. We
reduced the spatial intervals stepwise near the edge of the accre-
tion window, and determined xmax,i(z) and xmin,i(z) with sufficient
accuracy. The initial spatial intervals are 10−2 ×min (bx,hw, bx,sh)
in the x and z directions, where bx, hw and bx, sh are the maximum
impact parameter of accreted pebbles in the unperturbed flow
(Eqs. A.1 and A.2).
2.4.2. Accretion probability
We define the accretion probability of pebbles as
Pacc =
M˙p
M˙disk
, (16)
where M˙p is the accretion rate of pebbles onto a protoplanet and
M˙disk is the radial inward mass flux of pebbles in the gas disk
described by
M˙disk = 2piaΣp|vr |, (17)
where Σp is the surface density of pebbles. The density distribu-
tion of pebbles is described by
ρp(z) =
Σp√
2piHp
exp
−12
(
z
Hp
)2 , (18)
where Hp is the scale height of pebbles (Dubrulle et al. 1995;
Cuzzi et al. 1993; Youdin & Lithwick 2007):
Hp =
(
1 +
St
α
1 + 2St
1 + St
)−1/2
H, (19)
where α is the dimensionless turbulent parameter in the disk in-
troduced by Shakura & Sunyaev (1973). Our calculation of ac-
cretion probability assumed that pebbles have a vertical distri-
bution given by Eq. (18). This approach neglects the effect of
random motion of individual particles (see, Paper I, for the dis-
cussion). The accretion rate of pebbles, M˙p, is divided into two
formulas:
M˙p,2D =
∑
i
(∫ xmax,i(0)
xmin,i(0)
Σpup,∞dx
)
, (20)
in the 2D case, and
M˙p,3D =
∑
i
(
2
∫ zmax,i
zmin,i
∫ xmax,i(z)
xmin,i(z)
ρp,∞(z)up,∞dxdz
)
, (21)
in the 3D case. In order to account for the accretion from z < 0,
we multiply Eq. (21) by two. The accretion probabilities for a
fixed dimensionless planetary mass, m, in both 2D and 3D do
not depend on the orbital radius, a (see Appendix C in Paper
I). Following Paper I, we fixed the inward pebble mass flux as
M˙disk = 102 M⊕/Myr, which is consistent with the typical value
of the pebble flux used in a previous study (Lambrechts et al.
2019).
3. Results
Fig. 3. Streamlines of 3D planet-induced gas flow around the planet.
The result obtained from m003-hw01 at t = 50. The red, green, and blue
solid lines are the recycling streamlines, the horseshoe streamlines, and
the Keplerian shear streamlines, respectively. For the recycling stream-
lines, we only plot the streamlines which pass over the surface of the
Bondi sphere. The arrows represent the direction of the gas flow.
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Fig. 4. Enlarged view of Fig. 3. We only plot the recycling streamlines.
3.1. Results overview
The main subject of this study is to clarify the influence of
the planet-induced gas flow on pebble accretion. In Sect. 3.2,
we show the characteristic 3D structure of the planet-induced
gas flow field obtained by 3D hydrodynamical simulations. In
Sect. 3.4, we show the results of orbital calculations. Section 3.5
shows the dependence of the accretion probability of pebbles on
the planetary mass, the Stokes number, and the Mach number of
the headwind of the gas.
In Sects. 3.4 and 3.5, we classified the results into four cate-
gories according to the classification of the flow (Sects. 3.3 and
4.1) and the accretion (Sect. A.1) regimes as shown in Fig. 1. The
UP simulations were performed as control experiments in order
to understand the influences of planet’s gravity by comparing the
results with planet-induced flow (PI) ones, and thus UP cases are
not categorized in any categories in Fig. 1. The Keplerian and
sub-Keplerian disk classification corresponds to different input
parameter spaces (Mhw = 0 andMhw , 0), and thus they do not
correspond to four categories of the output results. Since the gas
drag (Epstein and Stokes) regimes are determined independently
of the planetary mass and the Mach number of the headwind,
we do not use them in four categories in Fig. 1. In other words,
all four categories should have two sub-categories for gas drag
regimes.
3.2. Three-dimensional planet-induced gas flow
When Mhw = 0, the planet-induced gas flow has a rotational
symmetric structure with respect to the z-axis (see Fig.2 of Pa-
per I). The nonzero headwind of the gas breaks the symmetry
of the planet-induced gas flow (Ormel et al. 2015; Kurokawa &
Tanigawa 2018). Figure 3 shows the 3D flow structure around an
embedded planet in an endmember case, Mhw = 0.1. Gas flow
shows three types of streamlines. (1) The planetary envelope is
exposed to the headwind of the gas. Gas from the disk enters the
Bondi sphere at low latitudes (inflow) and exits at high latitudes
(outflow: the red lines of Fig. 3). This recycling flow passes the
planet, tracing the surface of the isolated envelope whose size is
. 0.5RBondi (Kurokawa & Tanigawa 2018). The detailed struc-
ture of the recycling streamlines is shown in Fig. 4. (2) The
horseshoe streamlines lie inside the planetary orbit (the green
lines of Fig. 3). (3) The Keplerian shear flow extends inside the
horseshoe flow and outside the planetary orbit (the blue lines of
Fig. 3).
3.3. Classification of the planet-induced gas flow
We introduce classification of the planet-induced gas flow to
clarify its influence on pebble accretion. Figure 5 shows how the
structure at the midplane around an embedded planet depends
upon the Mach number. When Mhw = 0.01 and 0.03, a slight
rotational symmetry remains with respect to the z-axis (Figs. 5a
and b). The horseshoe streamlines still lie near the planetary or-
bit, which protects the planetary envelope from the headwind of
the gas. The 3D structure of the planet-induced gas flow is simi-
lar to that found whenMhw = 0, where the inflow occurs at high
latitudes of the Bondi sphere and the outflow occurs at the mid-
plane region of the disk (see Fig.2 of Paper I). We refer to such a
case as the flow shear regime. All of the results shown in Paper
I can be considered to be results in the flow shear regime.
As the Mach number of the headwind of the gas increases,
the horseshoe streamlines move to the negative direction in the
x-axis. This is because the corotation radius for the gas moves to-
ward the negative direction of the x-axis. WhenMhw = 0.1, the
horseshoe streamlines lie inside the x-coordinate of the Bondi
radius (Fig. 5c). The planetary envelope is exposed to the head-
wind. Within the Bondi radius, the azimuthal velocity of the gas
is low (Fig. 6). The envelope is pressure supported. The 3D struc-
ture of the planet-induced gas flow differs from that which can be
seen in the flow shear regime. We refer to such a case as the flow
headwind regime. Based on a series of hydrodynamical simu-
lations, we classified the planet-induced gas flow into the flow
shear and the flow headwind regimes, which are listed in Ta-
ble 2. We discuss the transition from the flow shear to the flow
headwind regime in Sect. 4.1.
3.4. Orbital calculations
3.4.1. Pebble accretion in 2D
We first focus on the 2D limit of pebble accretion in the Stokes
regime, that is all of the pebbles settled in the midplane of the
disk and the Stokes number of pebbles does not depend on the
gas density. Figure 7 shows the trajectories of pebbles at the mid-
plane of the disk. We compared the results of UP-m001-hw01
case and PI-Stokes-m001-hw01 case. When the Stokes num-
ber is larger than St ≥ 10−1, the trajectories of pebbles and the
width of the accretion window are similar (Figs. 7c, d, g, and h).
When the Stokes number is smaller than St ≤ 10−2, the trajecto-
ries of pebbles near the planetary orbit are deflected by the recy-
cling flow (Figs. 7a, b, e, and f). Since the planet chiefly perturbs
the surrounding disk gas at a scale that is typically the smaller
of the two when comparing the Bondi and Hill radii (Kuwa-
hara et al. 2019), the difference between UP-m001-hw01 and
PI-Stokes-m001-hw01 cases can be seen in the region close
to the planet. In particular, the accretion window is wider in
the planet-induced gas flow than in the unperturbed flow when
St = 10−3 (Figs. 7a and e). This is in contrast to the conclusion of
Paper I, where the width of the accretion window in the planet-
induced gas flow in the flow shear regime becomes narrower than
those in the unperturbed shear flow (see Fig.3 of Paper I). The
difference is caused by the headwind of the gas.
Figure 8 compares the results between UP-m003-hw01 and
PI-Stokes-m003-hw01 cases. This figure shows the signifi-
cant difference of the trajectories of pebbles with St = 10−4.
In the PI-Stokes-m003-hw01 case, the recycling flow deflects
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Fig. 5. Flow structure around a planet with m = 0.03 at the midplane of the disk. Panel a: result obtained from m003-hw001 at t = 50. Panel b:
result obtained from m003-hw003 at t = 50. Panel c: result obtained from m003-hw01 at t = 50. Color contour represents the flow speed in the
y-direction. The vertical and horizontal axis are normalized by the scale height of the disk. The solid lines correspond to the specific streamlines.
The dotted and dashed lines are the Bondi and Hill radius of the planet, respectively. We note that the length of the arrows does not scale with the
flow speed.
Fig. 6. Enlarged view of Fig. 5c, but color contour represents the flow
speed in the azimuthal direction.
the trajectories of pebbles. This deflection is not found in 2D
simulations (Ormel 2013), but appears in the 3D ones. The peb-
bles are jammed outside the planetary orbit. Some of the pebbles
from inside the planetary orbit move away from the planet along
the horseshoe flow. In the flow shear regime, the horseshoe flow
that lies near the planetary orbit reduces the width of the accre-
tion window (Paper I). The outflow occurs in the second and
fourth quadrants of the x-y plane (Kuwahara et al. 2019). On the
other hand, in the flow headwind regime, since the horseshoe
flow shifts significantly to the negative direction in the x-axis, it
does not suppress pebble accretion. The outflow occurs only in
the fourth quadrant of the x-y plane. The accretion of pebbles
coming from the region where y > 0 is not inhibited. Pebbles are
susceptible to becoming entangled in the recycling flow. This
leads to an increase in the time taken for pebbles to pass the
Bondi radius of the planet (see Sect. 3.4.3).
In the PI-Epstein case, the shape of trajectories of pebbles
does not differ significantly from that in the PI-Stokes case.
However, the width of the accretion window, the accretion cross
section, and the accretion probability in the PI-Epstein case
do not match those in the PI-Stokes case (see Sect. 3.5).
3.4.2. Pebble accretion in 3D
Next we focus on the 3D behavior of pebble accretion in the
Stokes regime. Figure 9 shows the 3D trajectories of pebbles
with St = 10−4. This figure compares the results between
UP-m003-hw01 and PI-Stokes-m003-hw01 cases. Since the
gravity of the planet acting on the pebbles becomes weaker at
high altitudes, pebbles do not accrete onto the planet in the
UP-m003-hw01 case (Fig. 9a). On the other hand, even if peb-
bles come from high altitudes (zs ∼ RBondi), they accrete onto
the planet in the PI-Stokes-m003-hw01 case (Fig. 9b). This is
caused by the recycling flow in the vicinity of the planet. The
typical scale of the recycling flow is the size of the Bondi radius
(Fig. 4). In the flow shear regime, since the horseshoe flow has
a vertical structure like a column, pebbles coming from high al-
titudes move away from the planet near the planetary orbit. In
the flow headwind regime, the horseshoe flow does not inhibit
pebble accretion. When pebbles that come from high altitudes
reach the vicinity of the planet, a fraction of them that reside in
z . RBondi become entangled in the recycling flow. This causes
an increase in the time taken for pebbles to cross the Bondi ra-
dius (see Sect. 3.4.3). Pebbles can accrete onto the planet even
when they come from high altitudes.
3.4.3. Increase in the Bondi crossing time of pebbles
Figures 10 and 11 show the trajectories of pebbles that are pro-
jected on the x-y plane, and the relative velocity of pebbles to
the planet as a function of the distance from the planet, r. We se-
lected the pebbles passing near the Bondi region. In the UP cases,
even when the pebbles pass near the Bondi sphere, their relative
velocity does not change unless they reach the region very close
to the planet, r . 0.1RBondi (Figs. 10a and 11a). In the PI cases,
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Fig. 7. Trajectories of pebbles in UP-m001-hw01 case (top) and PI-Stokes-m001-hw01 case (bottom) with different Stokes numbers at the
midplane of the disk. We set zs = 0 for all cases. The red and blue solid lines correspond to the trajectories of pebbles which accreted and did not
accrete onto the planet, respectively. The dashed circles show the Hill radius of the planet. The sizes of the Hill and Bondi radii are 0.15 [H] and
0.01 [H]. The black dot at the center of each panel denotes the position of the planet. The interval of pebbles at their initial locations is 0.05 [H].
The regimes of pebble accretion and the planet-induced gas flow are determined by Eqs. (A.4) and (28).
significant velocity fluctuation can be seen when the pebbles en-
ter the Bondi sphere (Figs. 10b and 11b). We define the Bondi
crossing time of pebbles as
τBondi =
RBondi
v
, (22)
where v is the relative velocity of pebbles to the planet. From
Figs. 10b and 11b, the relative velocity of pebbles is reduced by
an order of magnitude when they enter the Bondi sphere. This
leads to an increase in the Bondi crossing time of pebbles by an
order of magnitude. Just before accreting onto the planet, the rel-
ative velocity of pebbles to the planet reaches terminal velocity
in both UP and PI cases, which is determined by the force bal-
ance between the gas drag and the gravity of the planet acting on
the pebble:
vterm =
mSt
r2
. (23)
Within the Bondi sphere, the gas density increases signifi-
cantly to maintain hydrostatic equilibrium. The velocity of the
gas is reduced, and then a long-stagnant gas flow field is formed
within the Bondi region (Fig. 6). Once the pebbles enter the
Bondi sphere and become entangled in the recycling flow, the
strong gas drag force reduces their relative velocity.
In the flow headwind regime, the horseshoe flow shifts sig-
nificantly to the negative direction in the x-axis and the outflow
occurs only in the fourth quadrant in the x-y plane. Pebbles com-
ing from the region where y > 0 and passing near the plane-
tary orbit are susceptible to becoming entangled in the recycling
flow. Thus, pebble accretion is enhanced in the planet-induced
gas flow.
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Fig. 8. Trajectories of pebbles in UP-m003-hw01 case (left panel) and
PI-Stokes-m003-hw01 case (right panel) with St = 10−4 at the mid-
plane of the disk. We set zs = 0. The red and blue solid lines correspond
to the trajectories of pebbles which accreted and did not accrete onto
the planet, respectively. The dotted-dashed and dashed circles show the
Bondi and the Hill radius of the planet, respectively. The sizes of the
Bondi radius and the Hill radius are 0.03 [H] and 0.22 [H]. The black
dots at the center of each panel denote the position of the planet. The
interval of pebbles at their initial locations is 0.003 [H].
3.5. Accretion probability of pebbles
3.5.1. Width of accretion window and accretion cross section
Figure 12 shows the changes of the width of the accretion win-
dow in the midplane region as a function of the Stokes number
for different planetary masses and the Mach numbers. We first
focus on the left column of Fig. 12, where we compare the re-
sults between the UP case and PI-Stokes case. In common with
all panels in the left column of Fig. 12, the accretion window
is wider in the planet-induced gas flow than in the unperturbed
flow when the accretion and flow regime are both in the head-
wind regime (the filled circles in Figs. 12a, c, and e). This is one
of the most important findings in our study. When the accretion
occurs in the shear regime and the planet-induced gas flow is in
the flow headwind regime (the filled squares in Figs. 12a, c, and
e), the widths of the accretion window in the UP and PI-Stokes
cases match each other.
When the planet-induced gas flow is in the flow shear regime
(the open circles and squares in Figs. 12a, c, and e), the trend
can be explained by the conclusion of Paper I. In the flow shear
regime, since the horseshoe flow lies near the planetary orbit,
pebbles coming from the narrow region between the horseshoe
and the shear regions can accrete onto the planet. This causes
the reduction of the width of the accretion window. The width
of the accretion window is not a simple increasing function of
the Stokes number (e.g., Figs. 12a and b). As pebbles continue
to drift inward while they are approaching the planet, the accre-
tion of pebbles from y < 0 does not occur at all in some cases,
Fig. 9. Trajectories of pebbles with St = 10−4 in UP-m003-hw01 case
(top) and PI-Stokes-m003-hw01 case (bottom). The height of the ini-
tial position of the pebbles is zs = 0.03 [H]. The red and blue solid lines
correspond to the trajectories of pebbles which accreted and did not ac-
crete onto the planet, respectively. The black dots at the center of each
panel denote the position of the planet. The sphere around the planet
represents the Bondi radius of the planet. We only plot the trajectories
within the region where r < 2RHill. The interval of pebbles at their initial
locations is 0.01 [H].
leading to the complicated dependence of accretion width on St
(see Fig. 13).
When m = 0.01 and 0.03, the significant influence of the
planet-induced gas flow can be seen for the pebbles with St .
10−2. When m = 0.003, the influence of the planet-induced gas
flow is weak compared to the cases of m ≥ 0.01. The size of
the perturbed region is determined by the gravity of the planet
(Kuwahara et al. 2019). Thus the influence of the planet-induced
gas flow on pebble accretion becomes weak as the planetary
mass decreases.
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Fig. 10. Trajectories (left) and the relative velocity of pebbles
to the planet (right) with St = 10−4. Panel a: results ob-
tained from UP-m003-hw01 case. Panel b: results obtained from
PI-Stokes-m003-hw01 case. We set zs = 0 [H]. Different colors corre-
spond to different xs as indicated in figure legends. The dots on the solid
lines mark intervals of Ω−1. The black dot and the dotted-dashed circle
in the left column show the position of the planet and the Bondi radius
of the planet. The vertical solid and dashed lines in the right column
show the size of the Bondi radius and the terminal velocity of pebbles
(Eq. (23)).
Next we focus on the right column of Fig. 12, where we com-
pare the results between the UP case and PI-Epstein case. In
contrast to the result shown in the left column of Fig. 12, the
width of the accretion window decreases in the planet-induced
gas flow when the accretion and flow regime are both in the
headwind regime (the filled circles in Figs. 12b, d, and f). Since
the gas density is higher around the planet due to its gravity, the
effective Stokes number decreases as the pebble approaches the
planet. This causes significant reduction in the width of the ac-
cretion window, particularly for St . 10−3. When the accretion
occurs in the shear regime and the planet-induced gas flow is
in the flow headwind regime (the filled squares in Figs. 12b, d,
and f), or when the planet-induced gas flow is in the flow shear
regime (the open circles and squares in Figs. 12b, d, and f), the
results are similar to those in the PI-Stokes case.
Figures 13 and 14 show the accretion windows of pebbles
in the UP-m001-hw003 case, PI-Stokes-m001-hw003 case,
UP-m001-hw01 case, and in the PI-Stokes-m001-hw01 case.
We plotted all of the accretion windows in Figs. 13 and 14.5 In
Fig. 13, there are one or two accretion windows. The accretion
window has an asymmetric shape with respect to the x = xpeb, cor
plane. This is caused by the radial drift of pebbles. For the range
of the Stokes numbers considered here, the speed of the inward
drift increases with the Stokes number and has a peak at St = 100
for a fixed Mach number (Eq. (8)).
We first focus on the top panel of Fig. 13 (UP-m001-hw003
case). Pebbles with St ≥ 10−2 coming from the region where
5 In Paper I, we only plotted the accretion window in x ≥ 0 because
the accretion windows have plane symmetry with respect to the x = 0
plane (see Fig.7 of Paper I).
Fig. 11. Same as Fig. 10, but we set zs = 0.03 [H].
x < xpeb, cor experience fast radial drift, and do not accrete onto
the planet. When St = 10−3, the accretion from the region where
x < xpeb, cor can be seen due to the slow radial drift of pebbles
(Fig. 13b). When St = 10−4, radial drift of pebbles is limited, but
the x-coordinate of the pebble corotation radius is larger than the
maximum impact parameter of the accreted pebbles, |xpeb, cor| >
bhw. Thus, the accretion occurs only in the region where x >
xpeb,cor. The differences in the number of accretion windows for
the combination of St, Mhw and m lead to the complex behavior
of the width of the accretion window (Fig. 12).
In the bottom panels of Fig. 13 (PI-Stokes-m001-hw003
case), the shape of the accretion windows is similar to that in
the UP-m001-hw003 case when St ≥ 10−1. When St = 10−2,
the accretion occurs in the region where x < xpeb, cor, which is
not found in the UP-m001-hw003 case. When St ≤ 10−3, the
height of the accretion window in x < xpeb, cor is larger than that
in x > xpeb, cor. The 3D structure of the planet-induced gas flow is
almost rotationally symmetric, but the polar inflow shifts slightly
to the negative direction in the x-axis as well as the horseshoe
flow. This promotes the accretion of pebbles from high altitudes
in the region where x < xpeb, cor.
Strong headwind causes fast radial drift. The accretion oc-
curs only in the region where x > xpeb. cor in Fig. 14. In the flow
headwind regime, pebbles can accrete onto the planet even if
they come from high altitudes (Fig. 9). The width of the accre-
tion window in the planet-induced gas flow is larger than that in
the unperturbed flow (Fig. 12). These findings can also be seen in
Fig. 14. We found that the accretion window expands at the same
location (Figs. 14a and f). When the pebbles are well coupled to
the gas (St = 10−4), the vertical scale of the accretion window
is identical to the scale of the recycling flow (z ∼ RBondi). This
is in contrast to the results in Paper I, where the outflow in the
midplane region and the vertical structure of the horseshoe flow
inhibits pebble accretion in the flow shear regime.
Figure 15 shows the differences between the integrated ac-
cretion cross section in the UP, PI-Stokes, and PI-Eptein
cases, and the dependence on the planetary mass and the Mach
number. We first focus on the left column of Fig. 15. As shown
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Fig. 12. Width of accretion window in the midplane, wacc(0), as a function of the Stokes number in the UP (dotted lines), PI-Stokes (solid lines),
and the PI-Epstein cases (dashed lines). Left column compares the results between UP and PI-Stokes cases. Right column compares the results
between UP and PI-Epstein cases. The masses of the planet from top to bottom rows are m = 0.003, 0.01, and 0.03, respectively. Colors indicate
the Mach number of the headwind of the gas:Mhw = 0.01 (red),Mhw = 0.03 (yellow), andMhw = 0.1 (blue). The open and filled squares and
circles denote the regimes of pebble accretion and the planet-induced gas flow at the given parameters.
in Fig. 14, we confirmed that the accretion cross section is larger
in the planet-induced gas flow than that in the unperturbed flow
when the accretion and flow regime are both in the headwind
regime (the filled circles in Figs. 15a, c, and e). This is an im-
portant finding, as is the increase in the width of the accretion
window in the flow headwind regime. When the accretion oc-
curs in the shear regime and the planet-induced gas flow is in
the flow headwind regime (the filled squares in Figs. 15a, c, and
e), the accretion cross sections in the UP and PI-Stokes cases
match each other. When the planet-induced gas flow is in the
flow shear regime (the open circles and squares in Figs. 15a, c,
and e), the trend can be explained by the conclusion of Paper
I. In the flow shear regime, since the horseshoe flow lies near
the planetary orbit, pebbles coming from the narrow region be-
tween the horseshoe and the shear regions can accrete onto the
planet. This causes a reduction of the accretion cross section in
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Fig. 13. Accretion window with the different Stokes numbers in the UP-m001-hw003 (top) and the PI-Stokes-m001-hw003 cases (bottom). We
assumed α = 10−3 and the dust-to-gas ratio is equal to 10−2. Color represents the density of the pebbles expressed by Eq. (18) normalized by
the gas density. The vertical dashed lines correspond to the corotation radius for pebbles (Eq. (10)). The two panels in panels a and e show the
enlarged outlines of accretion windows. We note that the color contour is saturated for the ρp . 10−3.
the planet-induced gas flow. Similarly to the width of the accre-
tion window, the significant influence of the planet-induced gas
flow can be seen for the pebbles with St . 10−2 when m = 0.01
and 0.03, but it becomes weak when m = 0.003.
Next we focus on the right column of Fig. 15, where we com-
pare the results between the UP case and PI-Epstein case. In
contrast to the result shown in the left column of Fig. 15, the
accretion cross section is smaller in the planet-induced gas flow
than in the unperturbed flow when the accretion and flow regime
are both in the headwind regime, except when m = 0.03 (the
filled circles in Figs. 15b and d). Since the gas density is higher
around the planet due to its gravity, the effective Stokes num-
ber decreases as the pebble approaches the planet. This causes
significant reduction in the width of the accretion window, in
particular for St . 10−3. When the accretion occurs in the shear
regime and the planet-induced gas flow is in the flow headwind
regime (the filled squares in Figs. 15b, d, and f), or when the
planet-induced gas flow is in the flow shear regime (the open cir-
cles and squares in Figs. 15b, d, and f), the results are similar to
those in the PI-Stokes case.
3.5.2. Accretion probability
Figure 16 shows the 2D accretion rate and accretion probabil-
ity as a function of the Stokes number for the different planetary
masses and the Mach numbers. The explanation in Fig. 12 can
be applied to this figure. The location of the accretion window
does not change in the planet-induced gas flow in the flow head-
wind regime. Figure 16 reflects the results of Fig. 12. In the left
column, where we compare the results between the UP case and
PI-Stokes case, the 2D accretion probability is larger in the
planet-induced gas flow than in the unperturbed flow when the
accretion and flow regime are both in the headwind regime (the
filled circles in Figs. 16a, c, and e). This is because the width
of the accretion window is larger in the planet-induced gas flow
than that in the unpertubed flow. We found that the enhance-
ment of the 2D accretion probability in the PI-Stokes becomes
more significant as the planetary mass increases. We note that
when m = 0.03 andMhw = 0.1, the accretion probability of peb-
bles with St = 10−4 approaches unity (Fig. 16e). Because we do
not trace the pebble trajectory in the global disk, the accretion
of slowly drifting pebbles might be double-counted in this limit
(Liu & Ormel 2018). Thus we may overestimate the accretion
probability.
When the accretion occurs in the shear regime and the planet-
induced gas flow is in the flow headwind regime (the filled
squares in Figs. 16a, c, and e), the accretion probability in both
the UP and PI-Stokes cases match each other because the width
of the accretion window does not change in the planet-induced
gas flow. When the planet-induced gas flow is in the flow shear
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Fig. 14. Same as Fig. 13, but in the UP-m001-hw01 case (top) and the PI-Stokes-m001-hw01 case (bottom).
regime (the open circles and squares in Figs. 15a, c, and e), the
trend can be explained by the conclusion of Paper I. In the flow
shear regime, the width of the accretion window is smaller in the
planet-induced gas flow than that in the unperturbed flow. Thus
the accretion probability is also smaller in the planet-induced gas
flow than that in the unperturbed flow.6
In the right column of Fig. 16, the accretion probability
is smaller in the planet-induced gas flow than in the unper-
turbed flow, when the accretion and flow regime are both in the
headwind regime due to the significant reduction of the effec-
tive Stokes number in the vicinity of the planet, except when
m = 0.03 (the filled circles in Figs. 16b and d). When the accre-
tion occurs in the shear regime and the planet-induced gas flow
is in the flow headwind regime (the filled squares in Figs. 16b, d,
and f), or when the planet-induced gas flow is in the flow shear
regime (the open circles and squares in Figs. 16b, d, and f), the
results are similar to those in the PI-Stokes case.
Figure 17 shows the 3D accretion rate and accretion prob-
ability for a planet with m = 0.01 as a function of the Stokes
number for the different turbulent parameters and the Mach num-
bers. As seen in Fig. 17, the 3D accretion probability is a de-
creasing function of α. This is because the pebble scale height
increases with α (Eq. (19)). We first focus on the left column of
6 In contrast, when the planetary mass is large, m & 0.1, the reduc-
tion of the accretion cross section and the increase of relative velocity
cancel each other out. Consequently, the accretion probability becomes
comparable to that in the unperturbed flow (see Sect. 3.4.2 of Paper I).
Fig. 17, where we compare the results between the UP case and
PI-Stokes case. When Mhw = 0.01, the accretion probability
in the PI-Stokes case matches or is slightly smaller than that
in the UP case, albeit the accretion cross section is significantly
smaller in the planet-induced gas flow than that in the unper-
turbed flow when St . 10−3 (Fig. 17a). This is because the re-
duction of the accretion cross section and the increase of relative
velocity cancel each other out (Paper I). WhenMhw = 0.03, the
accretion probability in the PI-Stokes case has a double peak
when α . 10−4 (Fig. 17c). The accretion window in the region
where x < xpeb, cor disappear due to the radial drift of pebbles
(Fig. 13), causing the local minimum of the accretion probabil-
ity at St ∼ 10−2.
When Mhw = 0.1, similarly to the 2D case, the accretion
probability in the PI-Stokes case is larger than that in the UP
case (the filled circles in Fig. 17e, where the accretion and flow
regime are both in the headwind regime). When St = 10−4,
the achieved accretion probability in the PI-Stokes case is
larger by an order of magnitude than that in the UP case. When
the accretion occurs in the shear regime and the planet-induced
gas flow is in the flow headwind regime (the filled squares in
Fig. 17e), the accretion probability in both UP and PI-Stokes
cases match each other.
In the right column of Fig. 17, the aforementioned features
can be seen in common when St & 10−3. Only when St . 10−3,
the achieved accretion probability in the PI-Epstein case is
smaller than that in the UP case (Figs. 17b, d, and f). The 3D ac-
cretion probabilities for the different planetary masses are shown
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Fig. 15. Accretion cross section, Aacc, as a function of the Stokes number in UP (dotted lines), PI-Stokes (solid lines), and PI-Epstein
cases (dashed lines). Left column compares the results between UP and PI-Stokes cases. Right column compares the results between UP and
PI-Epstein cases. The masses of the planet from top to bottom rows are m = 0.003, 0.01, and 0.03, respectively. Colors indicate the Mach
number of the headwind of the gas:Mhw = 0.01 (red),Mhw = 0.03 (yellow), andMhw = 0.1 (blue). The open and filled squares and circles denote
the regimes of pebble accretion and the planet-induced gas flow at the given parameters.
in Figs. A.1 and A.2. These figures also show a trend to that
in Fig. 17. We found that the enhancement of the 3D accretion
probability in the PI-Stokes case becomes significant as the
planetary mass increases.
Figure 18 shows the accretion probability as a function of
both the planetary mass and the Stokes number for the various
Mach numbers, Mhw. We fixed turbulence strength, α = 10−3.
WhenMhw = 0.01 (Figs. 18a–c), a peak of accretion probabil-
ity appears in the upper right region, where the planetary mass
and the Stokes number are large. In the planet-induced gas flow,
the accretion of small pebbles (St . 10−3) is suppressed. When
Mhw = 0.03 (Figs. 18d–f), the region where Pacc . 10−3 (lower
left) expands compared to the results when Mhw = 0.01. As
the Mach number increases, the approach velocity of pebbles
increases. This reduces encounter time in which pebbles experi-
ence the gravitational pull of the planet. Thus, whenMhw = 0.1,
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Fig. 16. Two-dimensional accretion rate, M˙2D, (left vertical axis) and probability (right vertical axis) as a function of the Stokes number in UP
(dotted lines), PI-Stokes (solid lines), and PI-Epstein cases (dashed lines). Left column compares the results between UP and PI-Stokes
cases. Right column compares the results between UP and PI-Epstein cases. The masses of the planet from top to bottom rows are m = 0.003,
0.01, and 0.03, respectively. Colors indicate the Mach number of the headwind of the gas:Mhw = 0.01 (red),Mhw = 0.03 (yellow), andMhw = 0.1
(blue). The open and filled squares and circles denote the regimes of pebble accretion and the planet-induced gas flow at the given parameters.
the region where Pacc . 10−3 is wider than the case when
Mhw ≤ 0.03. We note that, when Mhw = 0.1, two peaks of
accretion probability appear in Fig. 18h. A peak that lies in the
upper left region in Fig. 18h shows the enhancement of pebble
accretion in the flow headwind regime. When the Stokes gas drag
law is adopted, and the accretion and the flow regime are both in
the headwind regime, the accretion probability of pebbles in the
planet-induced gas flow is larger than that in the unperturbed
flow.
4. Discussion
4.1. Flow transition mass
We describe the transition from the flow shear to the flow head-
wind regime in Sect. 3.3. In this section, we derive an analyti-
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Fig. 17. Three-dimensional accretion rate, M˙3D, (left vertical axis) and probability (right vertical axis) as a function of the Stokes number in
UP-m001 (dotted lines), PI-Stokes-m001 (solid lines), and PI-Epstein-m001 cases (dashed lines). Left column compares the results between
UP and PI-Stokes cases. Right column compares the results between UP and PI-Epstein cases. Colors indicate the turbulent parameter, α. The
open and filled squares and circles denote the regimes of pebble accretion and the planet-induced gas flow at the given parameters.
cal estimation that distinguishes these hydrodynamical regimes.
A planet has an isolated envelope whose size is ∼ 0.5RBondi
(Kurokawa & Tanigawa 2018). The horseshoe streamlines are
formed at the corotation radius for the gas. Here we define the
flow transition mass, which describes the transition from the flow
shear to flow headwind regime. It is given by the solution of the
following equation:
xg, cor + wHS = −mt,flow2 . (24)
The left-hand side of Eq. (24) corresponds to the maximum x-
coordinates of the horseshoe region (the right edge). The right-
hand side of Eq. (24) corresponds to the minimum x-coordinate
of an isolated envelope (left edge). The width of the horseshoe
region can be described by (Masset & Benítez-Llambay 2016)
wHS = 1.05γ−1/4
√
m. (25)
As discussed in Sect. 4.2.1 in Paper I, Eq. (25) agrees with the
half width of the horseshoe region of our hydrodynamical simu-
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Fig. 18. Accretion probability as a function of the planetary mass and the Stokes number for the Mach numberMhw = 0.01, 0.03 and 0.1 (bottom
to top) in the UP case (left column), the PI-Stokes case (middle column), and the PI-Epstein case (right column). The contours represent the
accretion probabilities. We assumed α = 10−3. The gray-shaded region is the region where Pacc = 0.
lation when m & 0.1, but is otherwise an overestimation. From
our series of hydrodynamical simulations, we found that the half
width of the horseshoe region for the range of planetary masses
considered in this study can be described by
wHS ' 2m. (26)
We found that the width of the horseshoe region decreases
slightly as the Mach number increases, but it does not decrease
by an order. Considering the detailed scaling with Mhw is be-
yond the scope of this study. We assume that the width of the
horseshoe region for the range of the planetary masses consid-
ered in this study is always given by Eq. (26). From Eqs. (24),
(25) and (26), the flow transition mass can be described by
mt,flow =

−1.05γ−1/4 + √1.1025γ−1/2 + 43Mhw
2 ,
(for m & 0.1),
4
15
Mhw, (for m . 0.1),
(27)
(28)
where we only take the positive root in Eq. (27). We plotted the
larger of Eqs. (27) and (28) in Fig. 19. We note that we do not
consider the reduction of the width of the horseshoe region due
to the strong headwind of the gas. Thus we may underestimate
the flow transition mass, in particular when Mhw & 0.1. In the
MMSN model, the Mach number of the headwind has an order
of ∼ 0.1 even in the outer region of the disk (∼ 100 au). Thus
Eq. (28) can be applied to a wide range of our disk model. From
Eq. (28), the dimensional flow transition mass in the MMSN
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Fig. 19. Flow transition mass as a function of the Mach number of the
headwind of the gas (black solid line). The dashed lines correspond to
the pebble transition mass with different Stokes numbers (Eq. (A.4)).
The blue and green regions correspond to the flow shear and the flow
headwind regime, respectively. Since our study do not handle gap for-
mation (high-mass planets; Sect. 4.3.3), the range of the vertical axis
was set to m ≤ 3.
model can be described by
Mt,flow = 0.16
( a
1 au
)
M⊕, (forMhw . 0.9). (29)
From Fig. 19, we can divide our results into four categories:
1. When mt, peb < mt,flow < m, where mt, peb is the transi-
tion mass for pebble accretion (Eq. (A.4)), the accretion
and flow regime are both in the shear regime (Fig. 20a). As
shown in Paper I, the accretion probability of pebbles in the
PI-Stokes case matches when St & 3 × 10−3–10−2, or is
smaller than that in the UP case when St falls below the pre-
ceding value in 2D. When m = 0.003, the influence of the
planet-induced gas flow is too weak to affect pebble accre-
tion for the range of the Stokes number considered in this
study. In 3D, the accretion probability in PI-Stokes case
matches or is slightly larger (smaller) than that in the UP
case when m ≥ 0.1 (m ≤ 0.03) for St . 10−3–10−2. The
width of the horseshoe region increases as the planetary mass
increases. The reduction of the accretion cross section and
the increase of relative velocity cancel each other out when
m ≥ 0.1. In the PI-Epstein case, since the reduction of
the accretion window becomes more significant than those
in the PI-Stokes case, the increase of the relative velocity
does not fully offset its reduction. Therefore, the accretion
probability in the PI-Epstein case tends to be smaller than
that in the UP case, both in 2D and in 3D.
2. When mt,flow < m < mt, peb, the accretion occurs in the head-
wind regime, but the planet-induced gas flow is in the shear
regime (Fig. 20b). As in the case above, St satisfies the fol-
lowing relation in our parameter space: St . 10−3. The peb-
bles tend to follow the gas streamlines. The conclusion from
Paper I can be applied. The accretion window decreases in
the planet-induced gas flow. The reduction of the accretion
window and the increase of relative velocity due to the horse-
shoe flow cancel each other out.
3. When mt, peb < m < mt,flow, the accretion occurs in the shear
regime, but the planet-induced gas flow is in the flow head-
wind regime (Fig. 20c). As in the case above, St satisfies the
following relation in our parameter space: St & 10−3. Peb-
bles are less affected by the gas flow. Pebbles coming from
the region where x < xpeb, cor experience fast radial drift, and
do not accrete onto the planet. The accretion probability in
both PI-Stokes and PI-Epstein cases match that in the
UP case.
4. When m < mt,flow < mt, peb, the accretion and flow regime
are both in the headwind regime (Fig. 20d). Pebbles com-
ing from the region where x < xpeb, cor experience fast radial
drift, and do not accrete onto the planet. The accretion prob-
ability is larger in the PI-Stokes case than that in the UP
case. In the PI-Epstein case, the accretion probability is
smaller than that in the UP case. We found a significant en-
hancement of pebble accretion when m ≥ 0.01 both in 2D
and in 3D. The achieved accretion probability for the peb-
bles with St = 10−4 in the PI-Stokes case is larger by an
order of magnitude than that in the UP case.
4.2. Comparison to previous studies
Assuming 2D and inviscid fluid, Ormel (2013) derived the steady
state solution of 2D flow around an embedded planet. The author
calculated the trajectories of small particles using the derived
flow pattern. Ormel (2013) showed the trajectories of pebbles
with St = 10−4, 10−3, and 10−2 around the planet with m = 0.01
(Fig.12 of Ormel (2013)). Two cases are shown: Mhw = 0 and
Mhw = 0.05. The latter case satisfies m < mt,flow < mt, peb for
St ≤ 10−1, where the accretion and flow regime are both in the
headwind regime. Thus, the accretion of pebbles is expected to
be promoted based on our results. However, accretion of small
dust particles is suppressed in Ormel (2013). A plausible rea-
son is that the size of the atmosphere is different in 2D and 3D.
Ormel (2013) found that the averaged size of the atmosphere in
2D is ∼ RBondi when m = 0.01 and Mhw = 0.05. The small
dust particles follow the gas streamlines outside the Bondi ra-
dius, and they passed the planet without breaking through the
atmosphere. In our study, the size of an isolated envelope is
. 0.5RBondi (Kurokawa & Tanigawa 2018). In 3D, the small size
of an isolated envelope allows pebbles to approach close to the
planet. The extension of the Bondi crossing time of pebbles due
to the recycling flow further promotes pebble accretion.
Rosenthal et al. (2018) introduced flow isolation mass, mR18flow,
as the solution of RBondi = RHill. In our dimensionless unit, the
flow isolation mass is described by mR18flow = 0.58. Based on the
analytical argument without the influence of the planet-induced
gas flow, these latter authors found that pebble accretion for all
pebble sizes is inhibited when the planetary mass exceeds the
flow isolation mass, m > mR18flow. When m > m
R18
flow, we found
that m > mt,flow for a wide range of the disk where Mhw . 1
(Fig. 19). When the planetary mass reaches the flow isolation
mass (Rosenthal et al. 2018), the planet-induced gas flow is in
the flow shear regime. In the flow shear regime, we found that
the accretion of pebbles with St . 10−3 is suppressed signifi-
cantly when we assumed the Epstein gas drag regime, but the
accretion probability of pebbles with St & 10−3 in the planet-
induced gas flow is comparable to that in the unperturbed flow
(Paper I). The difference is likely due to the smaller size of the
bound atmosphere and complicated recycling flow patterns, both
of which were not taken into account in Rosenthal et al. (2018).
Moreover, Kuwahara et al. (2019) found that the suppression
of pebble accretion by the gas flow would not be expected when
St & 0.4, even for the higher-mass planets (m > 0.3). As the
planetary mass increases, the speed of the outflow at the mid-
plane region increases (Kuwahara et al. 2019). Our simulations
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Fig. 20. Schematic illustration of the flow structure and the trajectories of accreted pebbles at the midplane region. We classify the results obtained
in both Paper I and this study into four categories based on the relation between m, mt,flow and mt, peb. We note that the gas streamlines and the
trajectories of accreted pebbles are rough outlines, and may differ slightly from the actual ones.
Fig. 21. Schematic illustration of the growth of protoplanets. The brown
filled circles denote the protoplanets. The assumed Stokes numbers and
the turbulence strengths are shown. The transition from the Stokes to
the Epstein regime occurs at ∼ 0.6 au in our parameter set. In the early
phase of planetary growth, the planet-induced gas flow does not inhibit
pebble accretion for a range of the Stokes numbers considered here.
When the planetary mass reaches m ∼ 0.03 (the planet-induced flow
isolation mass, mPI, iso)
, pebble accretion begins to be suppressed only in the inner re-
gion of the disk. The subsequent growth of the protoplanets in
the inner region of the disk is highly suppressed (the dashed ar-
row; Paper I)
are performed for the planetary mass with at most m = 0.3 (Pa-
per I), the suppression of pebble accretion due to the gas flow
might be prominent for the larger Stokes number when we as-
sume m > 0.3. However, comparing the outflow speed to the
terminal velocity of pebbles, Kuwahara et al. (2019) found that
the suppression of pebble accretion due to the midplane outflow
is limited to St . 0.4 (see Fig. 9 of Kuwahara et al. 2019).
4.3. Implications for the growth of protoplanets
In Paper I, assuming the distribution of the turbulence strength
and the size of the solid materials, we proposed a formation sce-
nario of planetary systems to explain the distribution of exoplan-
ets (the dominance of super-Earths at < 1 au (Fressin et al. 2013;
Weiss & Marcy 2014) and a possible peak in the occurrence of
gas giants at ∼ 2–3 au (Johnson et al. 2010; Fernandes et al.
2019), as well as the architecture of the Solar System). We di-
vided the disk into three sections according to previous studies
and assumed turbulence strength in each section as: α ∼ 10−5
(. 1 au), α ∼ 10−3 (∼ 1–10 au), and α ∼ 10−4 (∼ 10 au)
(Malygin et al. 2017; Lyra & Umurhan 2019). Given the size
distribution of the solid materials in a disk (Okuzumi & Tazaki
2019), we assumed that the pebbles have St ∼ 10−3 (. 1 au),
St ∼ 3 × 10−2 (∼ 1–10 au), and St ∼ 3 × 10−3 (∼ 10 au; Fig. 21).
In Paper I, we considered the growth of the protoplanet with
m ∼ 0.03. The accretion and flow regime were both in the shear
regime. In other words, we focused on the late stage of planet
formation. Here we adopt the same assumption for the distribu-
tion of the turbulence strength and the size of the solid materials
to be consistent, but consider the growth of the protoplanets with
m ∼ 0.003. Thus, we now consider an earlier phase of planet for-
mation compared to that in Paper I.
4.3.1. Pebble accretion in smooth disks
We first consider the growth of the protoplanets in a smooth disk.
We do not consider any substructures in a disk (e.g., the gaps
and rings). The Mach number in the MMSN model is given by
Mhw ' 0.05 (a/1 au)1/4. The planet-induced gas flow around the
planet with m = 0.003 is in the flow headwind regime for a wide
range of the disk (a & 0.1 au). In contrast to Paper I, where
the achieved accretion probability in the planet-induced gas flow
was very low (Pacc ∼ 3 × 10−4 ) compared to that in the unper-
turbed flow (Pacc ∼ 7 × 10−2) for m = 0.03 at the inner region
of the disk (< 1 au), we would expect that the accretion proba-
bility in the planet-induced gas flow would be almost identical
to that in the unperturbed flow across the entire region of the
disk. From Fig. 18, the planet-induced gas flow has little effect
on the accretion probability for the range of the Stokes number
assumed here (St ≥ 10−3). Thus, in the early phase of planet for-
mation, the growth rate of the protoplanets can be estimated by
the analytical arguments which is developed in the unperturbed
flow (e.g., Ormel 2017; Liu & Ormel 2018; Ormel & Liu 2018).
Only in exceptional cases, where m < mt,flow < mt, peb, St . 10
−3,
and the Stokes drag law is adopted, the growth of the protoplan-
ets would be accelerated (Fig. 18h). When the planetary mass
reaches m & 0.03 (Mpl & 0.36 M⊕ at 1 au), the accretion of small
pebbles (St . 10−3) in the planet-induced gas flow begins to be
suppressed in the region whereMhw < 0.1 (Figs. 18c and f).
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4.3.2. Pebble accretion at the pressure bump
Recent observations show the gas and ring structures in a disk
(e.g., ALMA Partnership et al. 2015; Pinte et al. 2015; Andrews
et al. 2016; Isella et al. 2016; Cieza et al. 2017; Fedele et al.
2018; Andrews et al. 2018; Long et al. 2018; Dullemond et al.
2018; van der Marel et al. 2019; Long et al. 2020). Several mech-
anisms have been proposed to explain the ring structure in a disk:
the dust accumulation at the edge of the dead-zone (Flock et al.
2015), dust growth at snow lines (Zhang et al. 2015; Okuzumi
et al. 2016), secular gravitational instability (Takahashi & In-
utsuka 2014, 2016; Tominaga et al. 2018, 2019), or gap open-
ing due to the presence of planets (Kanagawa et al. 2015, 2016;
Dong et al. 2015; Dipierro et al. 2015). The possible origin of
the ring is still debated. When the ring structure is related to the
dust getting trapped in radial pressure bumps (Dullemond et al.
2018), whereMhw = 0, the contribution of the headwind of the
gas vanishes. Even in the outer region of the disk, the accre-
tion and flow regime are both in the shear regime at the pressure
bump.
Figures 18b and c show the accretion probability forMhw =
0.01, but correspond to the case where the accretion and flow
regime are both in the shear regime. Thus, we can estimate the
accretion probability for the planet with m = 0.003 at the pres-
sure bump from Figs. 18b and c. From Figs. 18b and c, the ac-
cretion probability in the planet-induced gas flow for the planet
with m = 0.003 is identical to that in the unperturbed flow for a
range of the Stokes number considered here, St ≥ 10−3. Same as
in the smooth disks, in the early phase of planet formation, the
growth rate of the protoplanets can be estimated by the analyti-
cal arguments which is developed in the unperturbed flow (e.g.,
Ormel 2017; Liu & Ormel 2018; Ormel & Liu 2018). At the
pressure bump, the enhancement of pebble accretion due to the
planet-induced gas flow would never occur. Nevertheless, an in-
crease in the dust-to-gas ratio at the pressure bump would lead to
an increase in the accretion rate of pebbles. When the planetary
mass reaches m & 0.03 (Mpl & 0.36 M⊕ at 1 au), the suppression
of pebble accretion for St . 10−3 in the planet-induced gas flow
becomes prominent (Figs. 18b and c, see also Figs. 10 and 11 in
Paper I).
4.3.3. Pebble accretion for high-mass planets
Out study focused on low-mass planets (Fig. 1). High-mass plan-
ets shape global pressure gradient, and an induced pressure max-
imum inhibits pebble accretion (Lambrechts et al. 2014; Bitsch
et al. 2018). Planets with m > 3 form a gap in a disk (Lin &
Papaloizou 1993). Pebble isolation initiates at a lower plane-
tary mass in a disk with smaller turbulent viscosity (Bitsch et al.
2018). Fung & Lee (2018) reported that a planet with m ' 0.4
(6.6 M⊕ at ∼ 1.5 au) can form a pressure bump in an inviscid
disk.
4.3.4. Planet-induced flow isolation mass
The dimensionless planetary masses of 0.03 can be regarded
as a type of isolation mass, in particular when St . 10−3 and
Mhw . 0.1. In such a specific case, pebble accretion would be
expected to halt before the mass of the protoplanets reaches peb-
ble isolation mass:
ML14iso ' 20
( a
5 au
)3/4
M⊕, (30)
(Lambrechts et al. 2014). A subsequent study derived a detailed
pebble isolation mass:
Miso ' 25
(
H/r
0.05
)3 0.34 ( 3logα
)4
+ 0.66
 M⊕, (31)
(Bitsch et al. 2018). Equation (31) gives
Miso ' 7.2
( a
1 au
)3/4
M⊕, (32)
when we assume H/r ' 0.033(a/1 au)1/4 and α = 10−3. In our
dimensionless unit, Eq. (32) can be described by
miso ' 0.6. (33)
When we refer m = 0.03 as planet-induced flow isolation mass,
mPI, iso, and then we have
mPI, iso = 0.05miso. (34)
4.4. Implications for the origins of the architecture of a
planetary system
In Paper I, tracking the growth of the planet with m = 0.03,
we introduced a formation scenario of planetary systems, where
pebble accretion is suppressed only in the inner region of the
disk (. 1 au). As discussed in Sects. 4.3.1 and 4.3.2, the planet-
induced gas flow does not affect the accretion probability of peb-
bles in the earlier phase of planet formation compared to the sit-
uation that was considered in Paper I (Fig. 21).
When we focus on the region where < 100 au (Mhw . 0.1),
and the planetary mass exceeds m > 0.03, the planet-induced
gas flow is always in the flow shear regime (Fig. 19). Based on
the discussion in Paper I, we propose a possible scenario for the
distribution of the exoplanets again:
1. The rocky terrestrial planets or super-Earths are formed in
the inner region of the disk, . 1 au, where α and St are
small. The protoplanets accrete pebbles without the influence
of planet-induced gas flow, and reach planet-induced flow
isolation mass, mPI, iso (∼ 0.36 M⊕ at 1 au). When the mass
of the protoplanets reaches m & mPI, iso, the suppression of
pebble accretion due to the planet-induced gas flow is promi-
nent (Paper I). The subsequent growth of the protoplanets is
highly suppressed. Within the growth track, the small rocky
terrestrial planets may experience inward migraiton. Inside
. 0.6 au, the gas drag law switches to the Stokes regime in
our parameter set. This leads to an increase in the accretion
probability of pebbles (Paper I). The small rocky protoplan-
ets may also experience giant impacts. These events lead to
the formation of super-Earths.
2. The gas giants are formed in the middle region of the disk,
∼ 1–10 au, where α and St are larger than those in the inner
region. Since the Stokes number is large, the planet-induced
gas flow does not inhibit the growth of the protoplanets even
though the mass of the protoplanets reaches m & mPI, iso (Pa-
per I). Thus, we expect that the planets might exceed the crit-
ical core mass within the typical lifetime of the disk. The
final mass of the protoplanets is set by the pebble isolation
due to formation of pressure bump (Lambrechts et al. 2014;
Bitsch et al. 2018).
3. The ice giants are formed in the outer region, where α and St
are smaller than those in the middle region. In the same way
as in the middle region, planet-induced gas flow does not in-
hibit the growth of the protoplanets until their mass reaches
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m ∼ mPI, iso. When m & mPI, iso, the accretion probability in
the planet-induced gas flow is reduced by a factor compared
to that in the unperturbed flow (Paper I). With the accretion
of a moderate amount of icy pebbles, the planets would even-
tually become ice giants without evolving into gas giants.
Our scenario may be a helpful explanation for the distribution
of exoplanets (the dominance of super-Earths at < 1 au (Fressin
et al. 2013; Weiss & Marcy 2014) and a possible peak in the oc-
currence of gas giants at ∼ 2–3 au (Johnson et al. 2010; Fernan-
des et al. 2019)), as well as the architecture of the Solar System:
rocky planets in the inner regions, gas giants in the middle, and
icy giants in the outer regions.
The reduction of the pebble isolation mass in the inner region
of the inviscid disk may cause the dichotomy between the inner
super-Earths and outer gas giants (Fung & Lee 2018). However,
the small pebbles (St . 10−3) may not be trapped at the local
pressure maxima, and they continue to contribute to the growth
of the planet (Bitsch et al. 2018). The planet-induced flow isola-
tion has the potential to explain the dichotomy even if the inward
drift of small pebbles does not stop at the pressure maxima.
5. Conclusions
Following Paper I, we investigated the influence of the 3D
planet-induced gas flow on pebble accretion. We considered non-
isothermal, inviscid gas flow and performed a series of 3D hy-
drodynamical simulations on a spherical polar grid that has a
planet placed at its center. We then numerically integrated the
equation of the motion of pebbles in 3D using hydrodynami-
cal simulation data. Three-types of orbital calculation of pebbles
are conducted in this study: in the unperturbed flow (UP case),
in the planet-induced gas flow in the Stokes regime (PI-Stokes
case), and in the planet-induced gas flow in the Epstein regime
(PI-Epstein case). The subject of the range of dimensionless
planetary mass in this study is m = 0.003–0.03, which corre-
sponds to a size ranging from three Moon masses to three Mars
masses, Mpl = 0.036–0.36 M⊕, orbiting a solar-mass star at 1
au. Following Paper I, where only the shear regime of pebble
accretion was considered, we extend our study to the headwind
regime of pebble accretion in this study. Paper II focused on the
headwind regime of pebble accretion. We summarize our main
findings as follows.
1. The planet-induced gas flow can be divided into two regimes:
the flow shear and flow headwind regimes. In the flow shear
regime, the planet-induced gas flow has a vertically rota-
tional symmetric structure (Ormel et al. 2015; Fung et al.
2015; Lambrechts & Lega 2017; Cimerman et al. 2017;
Kurokawa & Tanigawa 2018; Kuwahara et al. 2019; Béthune
& Rafikov 2019; Fung et al. 2019). Gas from the disk enters
the gravitational sphere at high latitudes and exits through
the midplane region of the disk. The horseshoe flow lies
across the orbit of the planet and has a columnar structure
in the vertical direction. In the flow headwind regime, the
headwind of the gas breaks the symmetric structure (Ormel
et al. 2015; Kurokawa & Tanigawa 2018). The planetary en-
velope is exposed to the headwind of the gas. Gas from the
disk enters the gravitational sphere at low latitudes and exits
at high latitudes of the gravitational sphere. The horseshoe
flow lies inside the planetary orbit. We derived the flow tran-
sition mass analytically, mt,flow, which discriminates between
the flow headwind and flow shear regimes.
2. In the flow headwind regime, the trajectories of pebbles with
St . 10−3 in the planet-induced gas flow differ significantly
from those in the unperturbed flow. The outflow in the fourth
quadrant of the x-y plane deflects the trajectories of peb-
bles. The pebbles are jammed outside the planetary orbit.
The horseshoe flow shifts significantly to the negative direc-
tion in the x-axis. Because of the absence of the horseshoe
flow and the outflow in the anterior region of the planetary
orbit, pebbles passing near the planetary orbit are suscepti-
ble to becoming entangled in the recycling flow in the flow
headwind regime. When pebbles enter the Bondi sphere and
get entangled in the recycling flow, the relative velocity of
pebbles is reduced by an order of magnitude because of the
low speed of gas flow. This leads to an increase in the Bondi
crossing time of pebbles. Thus, pebble accretion is enhanced
in the planet-induced gas flow when pebbles are well coupled
to the gas.
3. From the relation between m, mt,flow and mt, peb, we clas-
sify the results obtained in both Paper I and this study into
four categories. When mt, peb < mt, peb < m and mt,flow <
m < mt, peb, we found that the outcome is identical to that
in Paper I. When mt, peb < m < mt,flow, the influence of the
planet-induced gas flow cannot be seen. In particular when
m < mt,flow < mt, peb and the Stokes gas drag law is adopted,
pebble accretion is enhanced due to the planet-induced gas
flow. The width of the accretion window, accretion cross sec-
tion, and the accretion probability of pebbles in the planet-
induced gas flow are larger than those in the unperturbed
flow.
Following Paper I, we assumed that the global structure of the
disk in terms of the distribution of the turbulence parameter and
the size distribution of the solid materials in a disk based on
previous studies (Malygin et al. 2017; Lyra & Umurhan 2019;
Okuzumi & Tazaki 2019). In Paper II , we considered an ear-
lier phase of planet formation (m . 0.03) compared to the what
we considered in Paper I. We found that the planet-induced gas
flow has little effect on pebble accretion for a range of the Stokes
number assumed here St ≥ 10−3. Based on the discussion in Pa-
per I, we conclude that the suppression of pebble accretion due
to the planet-induced gas flow works in the late stage of planet
formation (m & 0.03), in particular in the inner region of the disk
(. 1 au). We found that the dimensionless planetary masses of
0.03 can be regarded as the planet-induced flow isolation mass,
mPI, iso, in a specific case where St . 10−3 and Mhw . 0.1.
This may be helpful to explain the distribution of exoplanets (the
dominance of super-Earths at < 1 au (Fressin et al. 2013; Weiss
& Marcy 2014) and a possible peak in the occurrence of gas gi-
ants at ∼ 2–3 au (Johnson et al. 2010; Fernandes et al. 2019)), as
well as the architecture of the Solar System, both of which have
small inner, and large outer planets.
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Appendix A.1: Analytical estimation of pebble accretion
In the settling regime, the maximum impact parameter of ac-
creted pebbles in the unperturbed flow is expressed by
bx '

bx,hw = 2
√
mSt
Mhw , (m < mt, peb : headwind regime)
bx,sh = 2 St1/3 RHill, (m > mt, peb : shear regime)
(A.1)
(A.2)
(Ormel & Klahr 2010; Lambrechts & Johansen 2012; Guillot
et al. 2014; Ida et al. 2016; Sato et al. 2016), where mt, peb is the
transition mass for pebble accretion
mt, peb =
M3hw
9St
(A.3)
(Lambrechts & Johansen 2012; Johansen & Lambrechts 2017;
Ormel 2017). The dimensional pebble transition mass in the
MMSN model can be described by
Mt,peb = 1.67 × 10−4 St−1
( a
1 au
)3/2
M⊕. (A.4)
In this study, we referred to the transition mass which divide the
accretion regime of pebbles as "pebble transition mass" to dis-
tinguish pebble transition mass from flow transition mass, which
determines the regime of the planet-induced gas flow (Eqs. (27)
and (28)).
Appendix A.2: Additional figures
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Fig. A.1. Same as Fig. 17, but results obtained from UP-m0003 case (dotted lines), PI-Stokes-m0003 case (solid lines), and PI-Epstein-m0003
case (dashed lines).
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Fig. A.2. Same as Fig. 17, but results obtained from UP-m003 case (dotted lines), PI-Stokes-m003 case (solid lines), and PI-Epstein-m003
case (dashed lines).
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